The Cincinnati Waterfront Daguerreotype Panorama, owned by the Public Library of Cincinnati and Hamilton County, was brought to George Eastman House in 2007 for conservation treatment. At George Eastman House the plates were imaged under a microscope to capture details at nearly their full resolution and composited mosaic images comprised of 756 images per plate were created. Although the mosaic yields an otherwise unattainable contiguous high resolution and detailed view of the Cincinnati waterfront at the time of capture, non-uniformity of the capture illumination introduced a patterning that impairs the visual and analytic value of the mosaic. In this paper, we develop a mathematical model for the mosaic image capture to analyze the degradation caused by the illumination non-uniformity. Motivated by the analysis, we develop a simple signal processing solution to correct for the lighting variation by utilizing suitably tuned frequency domain filtering. Using the proposed method, we demonstrate that the patterning due to non-uniformity of illumination is corrected, resulting in a significantly improved mosaic.
INTRODUCTION
The daguerreotype was the first commercially viable medium for image capture and photography. In 1839 Louis Jacques Mandé Daguerre discovered that a highly polished silver plate made light sensitive by iodine vapors and exposed in camera could form a direct positive image when exposed to mercury fumes. Heated mercury vapor condensed on the plate and combined with the reduced silver to form brilliant submicron light scattering particles. After fixing, or rinsing off the unreacted halide, there remained a direct positive monochromatic image with a large tonal range corresponding to the intensity of light falling on the plate in camera. As a photographic medium, the daguerreotype was inherently high resolution with the image continuously formed on the silver with no emulsion.
In 1848, daguerreotypists Fontayne and Porter made eight daguerreotypes composing a panorama of nearly three miles of the Cincinnati waterfront. This Cincinnati Waterfront Daguerreotype Panorama is now a culturally and historically significant artifact owned by the Public Library of Cincinnati and Hamilton County. It provides an extremely high resolution record and a microscope reveals details of the city waterfront at the time of the capture.
The Cincinnati Waterfront Daguerreotype Panorama was imaged under a microscope at the George Eastman House in 2007. Each of the eight 8.5-by-6.5-inch square plates forming the daguerreotype panorama was imaged on a robotic microscope stage and composited into a mosaic of 756 images. While the mosaic provided a contiguous and high resolution view of the city waterfront in 1848, spatial nonuniformity of the capture illumination introduced an objectionable visible patterning in the mosaic. This patterning is an undesirable artifact that can be seen online in mosaiced images posted by Wired Magazine describing the work [1] .
In this paper, we develop a signal processing solution for correcting for the aforementioned artifact. Using generic information regarding the capture set up, we model the mosaic image capture, obtaining a mathematical representation of the captured mosaic that comprehends the degradation introduced by the illumination nonuniformity. Analysis, using our mathematical abstraction, allows us to characterize the degradation in the frequency domain, motivating a simple signal processing correction using suitably tuned frequency domain filtering. Using the method developed, the non-uniformity of illumination is corrected, yielding a much improved mosaic. We address efficient estimation of the patterning correction by using lower resolution down-sampled versions of the overall mosaic to estimate and correct the patterning variation in the final high resolution mosaic. The signal processing techniques we apply are well-known and relatively simple. The work, however, serves to illustrate how these "textbook techniques" can help solve real-world problems and also serves as an excellent example for pedagogy, providing students with a simple application of frequency transforms that aids their intuition.
The rest of this paper is organized as follows. In Section 2, we provide background on the daguerreotype, its significance, and characteristics that make high resolution imaging desirable. We also outline specific details of how the mosaic images of the Cincinnati Waterfront Daguerreotype Panorama were captured. In Section 3, we model and analyze the image capture setting motivating our algorithm for correction of illumination non-uniformity. We consider a computationally efficient realization for processing the large size image and present sample results from the processing. Section 4 concludes the paper.
BACKGROUND
The Conservation Laboratory at the George Eastman House imaged each daguerreotype plate at 16-times magnification through a Zeiss V-12 automated stereo microscope with an integrated micropositioning stage. Each image represented a section of the daguerreotype approximately 1/6 inch by 1/4 inch. Zeiss AxioVision imaging software was used to automatically capture and mosaic the images to create a single image of the daguerreotype. The AxioVision software was designed primarily for biological applications and tailored for high magnification, small field of view, and fixed light path illumination for transmitted, bright-field, and darkfield modes. As a result, it was not well suited for the mosaic application at relatively low magnification, large field of view, and external light sources. Furthermore, a daguerreotype has a specular surface with submicron light scattering particles on a background of parallel polishing scratches that impose a diffraction effect. This meant that the inherent illumination variations could not be eliminated by the system optics or the native software.
Fig. 1. Imaging set-up.
After experimenting with a number of alternative lighting arrangements, the version shown in Fig. 1 was selected because it offered the least objectionable spatial patterning. This set up uses two opposing diffuse light sources fabricated from MR16 parabolic reflector bulbs modified to insert a fiber optic light source and the hemisphere of a white ping pong ball as a diffuser. These light sources were equalized by using a "software overexposure mode" of the AxioVision to adjust their positions independently so that the opposing light sources had complementary illumination patterns across the camera field of view.
With this method of equalization, there remain variations due to a combination of the optical system and illumination profile that created a visible pattern in the mosaic image which can be seen in Fig. 2 , which represents the plate 2 of the Cincinnati Waterfront Daguerreotype. The pattern is most noticeable in areas in the daguerreotype where there was a uniform flat tonal range, such as sky or water. The final mosaic image is a composition of 756 (i.e. 27 × 28) images. Though not apparent in the low resolution full mosaic due to scaling of the image for the presentation in the paper, the high resolution microscope capture allows resolution of the the extremely high level of details in the daguerreotype. The blow up in Fig. 2 illustrates this; note the text on the signboard, which corresponds roughly to a 8 mm × 6 mm area on the dageurreotype plate.
LIGHTING VARIATION CORRECTION

Image Capture Model
We begin by developing a mathematical model for the capture process used for obtaining the composited image. We represent the image on the daguerreotype by its spatial reflectance pattern r(x, y), where x and y denote the two-dimensional spatial coordinates which span the W × H inch extent of the plate, where W = 8.5 inches and H = 6.5 inches. The field of view of the (captured image region) of the microscope is assumed to correspond to a W0 × H0 inch region and the spatial pattern of illumination intensity produced over this field of view is modeled as l0(ξ, τ ) where ξ and τ denote the two-dimensional spatial coordinates in the frame of reference established by the microscope, where the axes directions and the origins are assumed to be aligned with the coordinate system used for the daguerreotype. As indicated previously, the daguerreotype plate is 1 Note that l 0 (ξ, τ ) is more precisely defined as the spatial pattern of intensity on encountered on the camera sensor when an ideal spatially-invariant reflecting plate with unit reflectance is imaged.
2 Averaging in overlap regions can be modeled in a similar framework.
can therefore be written as
where Denote by Px and Py the nominal displacement pitches along the horizontal and vertical directions, respectively, for the rectilinear raster defining the displacements of the holding stage. The origins of the tiles are then modeled as x 0 lk = lPx +T kl , and y 0 lk = kPy +W kl , where T kl , and W kl are random variables representing the positioning errors in relation to these nominal displacement pitches, which we assume are smoothly varying function of l and k. The power spectrum of l f (x, y), the random pattern of illumination variation can then be analyzed by making assumptions on the statistics of the positioning errors, or by considering the case where they correspond to a slow periodic function (see, for example [2] ). The analysis reveals that the power is concentrated at DC and about harmonics of the 2-D frequency [1/Px, 1/Py]. While space constraints do not allow the full analysis to be included here, we provide intuition for this result by considering the deterministic setting. Specifically, we assume that the T kl = W kl = 0, ∀k, l and because the displacement pitches are uniform, the selection regions are chosen as corresponding rectangles χ lk (ξ, τ ) = rect (ξ/Px) rect (τ /Py), where rect(t) = 1 for 0 ≤ t ≤ 1 and 0 elsewhere. Then
Now consider the signal l 
where the Fourier series coefficients amn and bmn are defined in the usual manner. The spatial variation l0(ξ, τ ) in illumination is intended to be uniform and any residual variation is smoothly varying so that l0 dominates the power and within l inf (x, y), the power is concentrated in the first few harmonics. Specifically, we assume that l0 >> l inf (x, y). In reality, however, the illumination on the plate is space limited and can be obtained by multiplying the infinite length illumination with a rectangular function l(x, y) = l inf (x, y)rect (x/W, y/H). The space limited l(x, y) can be trans- 3 Under the assumption that the number of tiles over the span of the plate is large, l inf f (x, y) is also an approximation to l f (x, y).
formed into the frequency domain as
where cmn = e −jπ(W u+Hv) (amn − j bmn)/2 and dmn = c * mn . Noting that W >> Px and H >> Py, from (8) we can now deduce that the illumination variation forms a bandpass signal with energy distributed in narrow regions about harmonics of the 2-D frequency [1/Px, 1/Py].
Lighting Variation Correction
Recall that the full pattern of illumination across the image is given by l f (x, y) = l0 + l(x, y), which is a combination of the DC term comprising of the spatially averaged illumination level l0 and AC terms l(x, y) that causes the visible pattern in the mosaic image. Our analysis culminating in the Fourier spectrum expression (8) indicates that l(x, y) forms a bandpass signal with fundamental frequencies centered at [m/Px, n/Py] m, n ∈ (−1, 0, 1). We would like to eliminate the AC components to eliminate the lighting variation. In order to allow frequency domain separation of the AC components, we linearize the model in (4) by using a logarithmic transform 4 :
where I0(x, y) def = l0r(x, y) represents the composite image free from lighting variations and the approximation in the last step is due to the fact that the amplitude of the lighting variation l(x, y) is much smaller than the average illumination level l0.
The linearlized model of (9) along with the conclusions drawn from our representation of the AC component of the illumination pattern in (8), immediately suggests that filtering to eliminate the frequencies corresponding to the band pass components in (8) will eliminate the objectionable lighting variation from (9) allowing recovery of an image without the variation by inverting the logarithmic transformation. Specifically, this operation can be written as
where F and F −1 represent the operators for Fourier and inverse Fourier transforms, respectively, and H(u, v) is a two-dimensional band-reject filter designed to eliminate the regions in which power is concentrated in the bandpass signal l(x, y), i.e. in narrow regions in the vicinity of the the frequencies [m/Px), n/Py].
In practice, to handle the large size image, we implement this correction via a computationally efficient multiscale approach that reduces the computational and memory requirements. We estimate the patterning correction from a downsampled (1024 × 810) version of the high resolution (8401 × 6649) mosaic image 5 . The correction is then upsampled to obtain the correction for the high resolution mosaic. Because the lighting variation is smooth, this methodology causes minimal compromise in performance. Fig. 3(a) illustrates magnitude of the Fourier transform of the (downsampled) mosaic image I (x, y), over a subset of the computed frequency plane (that ranges over ±7.53 cycles/inch × ±7.06 cycles/inch). The frequencies corresponding to the patterning can be clearly seen as peaks in the upper left and lower right quadrants. Because the elimination of frequency regions also eliminates corresponding image frequency components, we empirically adjust the widths of the notches at the different harmonics. The notched regions about the fundamental frequencies, illustrated in Fig. 3(b) , are selected as a square
in frequency space where L represents the width of the square region.
Because the mosaic image is a composition of 27 × 28 images of the 8.5-by-6.5-inch daguerreotype plate, we calculate 1/Px and 1/Py as The recovered image for plate 2 using our proposed method 6 is shown in Fig. 4(a) . Note that in comparison with the original image of Fig. 2 the objectionable pattern of lighting variation is largely eliminated in Fig. 4(a) . Using (10) and (11), we can also estimate the patterning correction Fig. 2 .
Ipattern(x, y) = Irec(x, y) − I(x, y),
which is shown in Fig 4(b) .
CONCLUSION AND DISCUSSION
The signal processing analysis and the algorithm that we present in this paper provides a computationally simple and effective method for correction of illumination non-uniformity in stitched mosaics obtained by microscopic capture of daguerreotype images. Applied to the Cincinnati Waterfront Daguerreotype Panorama, the method offers a significant improvement by correcting the illumination patterning and yields a much better rendering of this historically and culturally significant record. The application is one example illustrating how simple signal processing techniques can be readily applied in real-world problems in art and museum imaging applications. Beyond the correction of patterning uniformity, many interesting signal and image processing problems remain to be addressed 6 Other plates yield similar results. in this domain and are being investigated in continuing work [6] . We hope this manuscript will also attract additional DSP practitioners to this under-explored area.
